We have developed a new attenuating embedded phase-shift mask blank for 193 nm lithography based on novel TiSi-nitride chemistry. At 193 nm, these materials offer high optical transmission, they are radiation damage resistant, stable in common chemicals used to strip photoresist, process compatible with use of a hard Cr etch mask, and exhibit good dry etch selectivity to quartz. Specifically, optical transmissions ofgreater than 10% were achieved in films with I 800 phase-shift. Irradiation at 6 mJ/cm2/pulse, or 6Ox the energy densities in commercial steppers, caused small change in optical transmission for doses up to 2 kJ/cm2. Dry etching the films in an ICP reactor with CF4 gave a greater than 6: 1 etch selectivity to quartz. Further, the novel wavelength-tunable structure of these TiSi-nitride films permits equally attractive phase-shift designs at 248 nm and longer wavelengths.
INTRODUCTION
As lithography moves towards the sub-0. 1 8 micron generation, the wavelength restrictions and resulting materials demands require the use of innovative materials and technologies. The attenuating embedded phase-shift (APS) mask"2'3'4 technology has the ability ofenhancing resolutions to sub-micron sizes in the 193 nm range. At these shorter wavelengths, however, only a few usable materials exist with band gaps greater than 6 eV.5 '6 In addition to this limiting feature, these materials also need to satisfy many lithographic properties: phase-shift, transmission and reflection at the lithographic wavelength, inspectability, etch selectivity to quartz and resist, chemical durability, radiation durability, film adhesion to quartz, and low film stress.
We have developed such a first generation material from a TiSi-nitride based chemistry with a phase-shift of 1 800/.. 50 and a transmission of 9% 1 .0 . We report here on the performance of this novel material with respect to the criteria described above.
EXPERiMENTAL TECHNIQUES
The TiSi-nitride samples (DM1 material) used for this work were sputtered in a Perkin Elmer 2400 tool in Ar and N2 atmospheres onto quartz substrates from 8" diameter targets. Film stresses were kept at a minimum by using gas pressures on the order of 10.2 mbar during sputtering.7 Several post-deposition measurements were made to ensure consistency among and between batches of samples. The resulting attenuated phase-shift (APS) blanks (unpatterned) were physically characterized for thickness using a Dektak profilometer. Atomic force microscopy (Digital Instruments Nanoscope lila) was used to determine surface structure and roughness. A Perkin Elmer UV-Vis spectrophotometer was used to measure the reflection and transmission of films.
Ellipsometry measurements8 were taken to determine the complex optical constants, spectral phase-shifts and film inhomogeneities. Samples (6" x 6") were mounted in a Woollam DUV ellipsometer equipped with MgF2 polarizers and analyzers and capable ofwavelengths from 186 to 1100 am. The spot diameter at the sample was 2 mm. By translating the samples in the ellipsometry tool, a transmission map over a 14 x 14 cm2 area (5.5" x 5.5") of the samples could be determined. These maps were then used to study any lateral inhomogeneities in the transmission properties of an APS blank.
Chemical durability tests were performed on films using aqueous solutions of CR-7 chrome etchant (Ce4IHClO4), H2S04 (conc.), NH4OH and Nano-Strip (H2SOdH2O2) at ambient or elevated temperatures. For all the tests, samples were mounted in a Teflon rack such that the entire film could be immersed into test solutions. The test solutions were held in Pyrex straight-walled dishes. Heating of test solutions was done in a heating mantle operated by a digital temperature probe/controller. After each test, samples were rinsed three times in clean deionized water, rinsed in methanol, and air dried. For Nano-Strip and H2S04 cleaning, samples were soaked in 80°C solutions for various cumulative soak times up to I 20 minutes. For Cr wet etch (CR-7) studies, samples were immersed in concentrated CR-7 at ambient temperature for 20 minutes. For NH4OH rinsing, samples were immersed in aqueous 7% NH4OH at ambient temperature for 15 minutes then rinsed in a deionized water bath. Before the samples were characterized, they were cleaned by spraying with methanol, wiping with a lint-free cloth, rinsing with deionized water, and drying in a stream of nitrogen. Changes in the transmission from 180 to 800 nm were measured.
Dry etch studies were performed using a Plasma-Therm ICP etcher on 5" x 5" APS blanks. Three etch gasses and their dilutions with He (SF6, CF4 and CHF3) were studied while varying ICP power and RIE power. Low RIE powers of 5 Watts were used to enhance the chemical etching ofthe APS, while high PiE powers were used to characterize the etch rates under more anisotropic conditions. Etch rates of quartz (Qz) were obtained using separate patterned Cr/Qz masks. These rates were obtained using fixed etch times of 4 minutes. A profilometer was used to measure the amount of quartz etched, after subtracting the starting Cr thickness.
To determine the life-time usage of the films, accelerated radiation durability tests were performed using a Lambda Physik Excimer laser running with ArF at 193 nm. Samples were mounted in an environmental cell, thus ensuring control over their atmosphere, be it nitrogen or air. The samples were radiated from the quartz side with fluences on the order of 6 mJ/cm2/pulse at 100 Hz for doses up to 2 kJ. The radiation durability of the films was examined as a function of chemical composition, environment and laser dose. A Perkin Elmer spectrophotometer was used to determine the transm ission and reflection from 1 80 to 800 nm before and after radiation exposure.
RESULTS AND DISCUSSION
Ifwe consider using a fugitive mask process to make a photoblank there are various steps involved in the process, as shown in Figure 1 . Current techniques for etching patterns involve chemicals such as CR-7 and Nano-Strip. Thus, once a candidate material has been created, we need to know how it will perform under various etching processes. From chemical durability studies on DM1 materials, it was found (see Figure 2 and Figure 3 ) that the films exhibit excellent durability ((%T -;)193< .0) when exposed to hot Nano-Strip and H2504 for up to 120 minutes (the equivalent of eight 15 minute washes). Figure 4 shows the percent transmission as a function ofwavelength after a 20 minute exposure to the CR-7 chrome etchant. The etch durability was also favorable in this case, with (%Tf -%1 )j93 < 0.6. Table 1 shows eight films after a 15 minute exposure to 7% NH4OH. Unlike films 9209-9210, films 9177-91 80 were not previously exposed to Nano-Strip and H2S04. The changes in transmission in the samples previously exposed to Nano-Strip and H2504 were negligible. The other four films had changes in transmission on the order of 0.2. These changes were comparable to those observed in films 9209 and 9210 after Nano-strip and H2S04 exposure. These studies show that this new TiSi-nitride chemistry is chemically durable, making them compatible with current mask fabrication processes.
After screening studies of ICP dry etching on the new TiSi-nitride films, CF4 showed the best etch ratio of APS to quartz (see Figure 5 A, B, C) . In all cases the selectivity to Qz decreased as the ME power was increased. This was due to the increased Qz etch rate with the higher Ion energy. In the case of CF4 the dilution with He decreased the selectivity to Qz. In the case of SF6 a dilution of 3 :27 (SF6:He) had to be used to slow the TiSi-nitride etch rate down to a controllablerate in the etcher. In the case ofCHF3 a 3:27 (CHF3:He) had to be used to avoid polymerization stopping the etch. in all cases low RIE powers (5 Watts) produced a chemical etch which was more isotropic than the high RIE etches (25 Watts). This isotropic etch produced a larger undercut etch. This is seen in Figure 6 where the patterned mask undercut is shown versus the RIE power. In mask making the patterning needs to be done with minimal Qz etch and minimum undercut. Since no single process condition was found that met both these conditions, a two step process was used. The first step used a high RJE power to minimize undercut for 80% ofthe etch. The second step used low RIE power to minimize the Qz etch. Figure  7 shows the results of the combined etch.
From the ellipsometry measurements, we have determined that the sputtered TiSi-nitride photoblanks have transmissions on the order of 9% +1-1 .0 at 193 urn and <40% at 248 nm (where future inspection tools are under development) with phase-shifts on the order of 180° +1-5°. We have also been able to configure photoblanks with 6% transmission at 193 nm. Figure 8 plots the transmission versus photon energy of two photoblanks as measured using the ellipsometer tool. The transmission is seen to fall off steadily to -9% at 6.45 eV (193 nm) in one photoblank and to -6% in the other. Figure 9 shows that the corresponding transmission map at 193 nm for the 9% transmission photoblank exhibits uniform transmission over the large 6" x 6" surface. Figure 1 0 shows the corresponding plot of n (index of refraction) and k (extinction coefficient) versus energy. These n and k values were obtained from modeling the experimental reflectance and transmittance spectra ofthe films on a substrate.
For the accelerated radiation studies, the films were found to be durable up to doses of 2 kJ in flowing air. The data suggest that films subjected to a nitrogen atmosphere were more radiation durable than those radiated in flowing air. Table 2 shows the results of these environmental tests for films radiated at 1 00 Hz and an energy density of 6 mJ/cm2/pulse for a 2 kJ dose. Marathon radiation durability studies in air and nitrogen are currently being carried out and these results will be reported at a later date. The radiation durability of the films was also affected by their chemistry. By varying the chemical composition of the film while keeping the total film thickness constant, we were able to affect the amount by which the 515 transmission changed after radiation exposure. This is shown in Figure 1 1 for films radiated in air at I 00 Hz and 6 mJ/cm2/pulse for a 2 kJ dose. increases in the TiN content increase the radiation durability.
CONCLUSIONS
We have designed a new TiSi-nitride attenuated embedded phase-shift mask that is optically tunable for 193 and 248 nm lithography applications. The work to date has shown that this material is chemically durable to standard fugitive chrome and resist etching protocols, exhibits good etch selectivity to quartz, and is radiation durable for energy densities of 6 mJ/cm2/pulse and doses up to 2 kJ. Table 2 Listing % transmission at 193 nm before and after radiation as a function of environment for DM1 films 9153 and another candidate material (9152). The samples were radiated at 100 Hz and an energy density of 6 mJ/cm2/pulse for a 2 kJ dose. Increasing TIN content (AU) Figure 11 Showing the effects of chemical composition on transmission changes. Samples were radiated in air at 100 Hz and an energy density of 6 mJ/cm2/pulse for a 2 kJ dose.
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